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We have studied the lattice location of implanted nickel in silicon, for different doping types
(n, nþ, and pþ). By means of on-line emission channeling, 65Ni was identified on three different
sites of the diamond lattice: ideal substitutional sites, displaced bond-center towards substitutional
sites (near-BC), and displaced tetrahedral interstitial towards anti-bonding sites (near-T). We
suggest that the large majority of the observed lattice sites are not related to the isolated form of Ni
but rather to its trapping into vacancy-related defects produced during the implantation. While
near-BC sites are prominent after annealing up to 300–500 C, near-T sites are preferred after
500–600 C anneals. Long-range diffusion starts at 600–700 C. We show evidence of Ni diffusion
towards the surface and its further trapping on near-T sites at the Rp/2 region, providing a clear
picture of the microscopic mechanism of Ni gettering by vacancy-type defects. The high thermal
stability of near-BC sites in nþ-type Si, and its importance for the understanding of P-diffusion
gettering are also discussed.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861142]
I. INTRODUCTION
The search for more reliable silicon-based technologies
has been hampered by the presence of transition metals
(TMs) as contaminants. Because TMs act as recombination
centers, due to the introduction of deep levels in the silicon
bandgap, the reduction of minority carrier lifetime hinders,
e.g., the efficiency of silicon solar cells, even when TMs are
present at low concentrations.1–4 Together with copper,
nickel is an ultrafast diffuser in Si, with an often quoted acti-
vation energy for diffusion of ED¼ 0.47 eV,5 which has
recently been proposed to be as low as 0.15 eV.6 Although
being one of the less studied, Ni is one of the most harmful
TMs. Efforts have been made to both passivate its malicious
electrical effect with, e.g., hydrogenation,7 or by moving the
Ni impurity away from the active area of the device with
the so called gettering procedures, such as by trapping Ni
into defects8,9 or the use of P-diffusion to getter Ni into nþ
rich regions.10,11
First principle theoretical studies have concluded that
interstitial tetrahedral Ni does not have energy levels in the
Si bandgap.5,6 The reason for its harmful effect comes from
the fact that the solubility of the harmless and fast diffusing
interstitial nickel is so small12 that it is normally trapped into
defects, forming, in particular, electrically active silicides
when agglomeration of Ni takes place.1,11,13 The introduc-
tion of deep levels by nickel contamination will thus depend
on its ability to form complexes with other defects. Although
the information is scarce, a way to distinguish different com-
plexes is by observing the different lattice sites of Ni. For
instance, single vacancies will, in principle, trap Ni atoms on
substitutional sites,5,6 while divacancies might trap Ni on
other sites, e.g., bond-center (BC) sites. Moreover, the mi-
croscopic picture of Ni gettering by defects and the mecha-
nism of P-diffusion gettering are still not yet well
understood. The knowledge of the lattice sites of Ni might
thus provide crucial information for the clarification of such
complex mechanisms.
Beta emission channeling (EC) is a unique technique to
investigate the preferred lattice sites of low concentrations of
impurities following implanting single crystals with radioac-
tive probe atoms, which decay by emitting b– particles. On
their way out of the crystal, b– particles experience channel-
ing effects along low-index crystallographic directions,
depending on the lattice site occupied by the probe atom. EC
has been used to study the lattice sites of long-lived TM iso-
topes in Si, such as 67Cu (t1=2¼ 2 d),14–17 59Fe (45 d),17–19
and 111Ag (7.45 d),20 by means of off-line experiments.
Studies of other TMs, in particular Ni, Co, and Mn, were not
feasible since the only suitable isotopes were too short-lived
in order to be used off-line. However, this situation has
recently changed with the installation of an on-line EC setup
at the isotope mass separator facility ISOLDE at CERN.21
This online setup has allowed to study the lattice location of:
56Mn (t1=2¼ 2.56 h) in Ge,22 GaAs,23,24 GaN,25 and ZnO;26
61Co (1.6 h) in ZnO;26 and 65Ni (2.5 h) in ZnO.27
Since Ni is a very fast diffuser, only the interaction with
defects, such as other impurities, other Ni atoms, self-interstitialsa)jearaujo@fc.up.pt
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or vacancy-type defects, can immobilize Ni atoms even at
room temperature. Anyhow, the properties of Ni as a fast dif-
fuser might influence which traps are preferred. For instance,
isolated interstitial nickel prevails in the neutral charge state,
which makes its interaction with immobile charged dopants
unlikely. In fact, the formation of pairs driven by Coulomb
interactions, e.g., NiB, has not been experimentally reported.
On the contrary, while pairing with Si interstitials is also not
expected,6 neutral Ni can be effectively trapped by vacan-
cies. Indeed, clusters of vacancies are one of the most effec-
tive gettering centers.9,28 In that respect, defects in irradiated
silicon have been reported to getter Ni in two different
regions: around the peak concentration of the implanted im-
purity, known as the Rp region, and midway between the
peak concentration and the surface, known as the Rp/2
region.8,29,30 It was suggested by positron annihilation spec-
troscopy that the latter region might correspond to the va-
cancy peak concentration produced by the implanted Si.31,32
Changing the doping type may also influence the pre-
ferred sites of Ni since the stability of its various configura-
tions is directly coupled to the electron-hole charge
equilibrium. Although isolated tetrahedral interstitial nickel
has no acceptor, neither donor levels in the silicon bandgap,
other configurations have the possibility to be electrically
active. For instance, substitutional nickel has two acceptor
levels close to the conduction band, EC  0.09 eV and EC
 0.43 eV, and one donor level close to the valence band,
EVþ 0.17 eV.5,33 Depending on the Fermi level, the different
charge states will have, in principle, different activation
energies for their formation and dissociation. The conse-
quence will thus be the observation of different temperatures
for which the corresponding complexes are annealed.
Here, we present detailed results on the lattice location
of the transition metal Ni in different types of Si, which were
obtained from on-line EC experiments using the short-lived
isotope 65Ni (t1=2¼ 2.5 h).
II. EXPERIMENT
Three Czochralski grown silicon samples were
studied: (i) lightly doped n-type Si (n-Si) with a resistivity of
7.3–12 Xcm, doped with 2 1015 cm3 phosphorus; (ii)
nþ-type Si (nþ-Si) with a resistivity of (4.5–5.7) 103 Xcm,
doped with 2.5 1019 cm3 arsenic; (iii) pþ-type Si (pþ-Si)
with a resistivity of (1–5) 103 Xcm, doped with
6 1019 cm3 boron. All samples had h111i surfaces.
65Ni was implanted at the on-line isotope separator facil-
ity ISOLDE at CERN. ISOLDE provides mass-separated
beams of radioactive Ni isotopes, produced by nuclear fis-
sion of uranium carbide UC2 targets induced by 1.4GeV pro-
ton beams. A laser ion source was used for chemically
selective ionization of the desired element. Unlike typical
EC experiments using long-lived TM isotopes, e.g., 59Fe,
67Cu, and 111Ag, where the samples are implanted and meas-
ured in different setups, the 65Ni experiments were carried
out using an on-line setup where both implantation and mea-
surement took place.21 Since the half-life of 65Ni is relatively
short (t1=2¼ 2.5 h), carrying out the measurements on-line is
indispensable. Therefore, for each experiment, the sample was
mounted on a goniometer inside the on-line setup, at the end
of one of the ISOLDE general purpose separator beam lines.
65Ni was implanted before each annealing treatment, into the
three samples with an energy of 50 keV, under an angle of
17 from the surface normal in order to avoid channeling im-
plantation. The accumulated fluences were 3.2 1013 cm2 in
nþ- and pþ-Si and 2.4 1013 cm2 in n-Si. The anneals were
performed in situ up to 700 C in steps of 100 C, during
10min, under vacuum better than 105 mbar. The warm-up
times were relatively short (under 5 min, even for the highest
annealing temperatures). The time required to cool the sample
down to room temperature (before starting the measurements)
was significantly longer, up to 30 min for the highest anneal-
ing temperatures.
Angular-dependent emission yields of the b particles
emitted during radioactive decay were measured at room
temperature, in the vicinity of the h110i; h211i; h100i, and
h111i directions. These patterns were recorded using a posi-
tion- and energy-sensitive detection system similar to that
described in Ref. 34. As mentioned above, given the rela-
tively short half-life of 65Ni, this system was installed
on-line and upgraded with self-triggering readout chips for
the Si pad detectors, enabling measurements during and/or
immediately after implantation with count rates of up to
several kHz.21 The electrons that are backscattered into the
detector by the chamber walls were accounted for by sub-
tracting an isotropic background, estimated using the Monte
Carlo electron scattering simulation code GEANT4.35
The depth profile of the implanted 65Ni and created
vacancies were estimated using the SRIM code.36 The
implanted 65Ni profile is approximately a Gaussian distribu-
tion centered at 453 A˚ with a straggling of 172 A˚ and a peak
concentration of 5 1018 cm3. At 0K, each implanted 65Ni
creates 900 vacancies along its path, producing a vacancy
depth profile centered approximately half way from the sur-
face to the peak of the implanted 65Ni concentration. The
concentration peak of the vacancy profile is 5 1021 cm3.
III. METHOD OFANALYSIS
In order to obtain the occupied lattice sites of 65Ni, the
two-dimensional experimental patterns were fitted by using
calculated b emission yields, obtained with the so-called
many beam formalism for electron channeling in single crys-
tals.37 In the following, it is given a detailed description of
the used lattice sites in the analysis, as well as the fitting pro-
cedure adopted in this work.
A. Lattice sites
Theoretical patterns were calculated for 65Ni emitters in all
the relevant high symmetry sites in Si: substitutional (S), hexag-
onal (H), tetrahedral (T), BC, anti-bonding (AB), split (SP) and
the so-called DS, DT, Y, and C sites. Lower-symmetry sites
were also considered, corresponding to displacements between
the higher-symmetry ones along the h111i; h100i, and h110i
directions. As examples, which will be useful for the under-
standing of the experimental patterns below, Fig. 1(a) shows
the theoretical emission yield for the S, BC, AB, and T sites in
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the vicinity of the four measured directions. The position of
all the mentioned high-symmetry sites in the Si lattice is
depicted in Fig. 1(b). We note that the emission channeling
technique does not provide information about the immediate
neighborhood of the radioactive 65Ni probes but rather on
their geometrical position with respect to the perfect dia-
mond lattice. The microscopic origin of the observed sites
can, therefore, not be directly inferred from our measure-
ments. In that respect, our use of the term BC does not imply
a position of Ni where it perturbs Si-Si covalent bonds, as
occurring for the case of hydrogen38 (Si-HBC-Si bond) or
oxygen39 (slightly puckered Si-OBC-Si bond), but rather to
its geometrical position in the lattice. This position would be
the same, for instance, for Ni atoms disturbing covalent Si-Si
bonds in an ideal BC position, or for Ni atoms located in the
center of a divacancy.
B. Fitting procedure
The analysis was started by fitting with one fraction
only for each experimental pattern, and only then we added
more fractions to the analysis if justified. Therefore, depend-
ing on the annealing temperature, two sites gave consistently
the lowest value for the v2 of fit in the studied three types of
silicon: sites in the vicinity of BC sites and sites in the vicin-
ity of T sites. A two fraction fit was then carried out with
these two types of sites. The small displacements from S and
T sites were adjusted by minimizing the v2 of fit as a func-
tion of these parameters. Since the occupation of ideal S sites
by 65Ni is often mentioned in the literature, a three fraction
fit was also evaluated by allowing for an extra ideal S frac-
tion to the two fractions mentioned above. The inclusion of
the ideal S fraction resulted in a significant decrease of v2,
although ideal S sites were not the dominant fraction in any
of the fitted patterns. A further adjustment of the near-BC
and near-T displacements was then allowed. At this point,
additional fractions seemed not to reduce the v2 of fit consid-
erably. In particular, ideal BC sites were included in a four
fraction fit but without a significant v2 reduction. Therefore,
the fits were confined to the three lattice sites: ideal S sites;
sites displaced from BC towards S sites (near-BC), and sites
displaced from T towards AB sites (near-T).
In addition to the high-symmetry sites mentioned so far,
which contribute with an anisotropic emission yield, other
sites may also be occupied which contribute with a virtually
isotropic component, i.e., the random fraction (R). R is given
by 100% minus the fractions of all regular sites included in
the fits. Generally, R is largest in the as-implanted state and
decreases with annealing temperature. Note that R will
become negative if the sum of all fractions on regular sites
grows above 100%. This behavior occurs when the actual
65Ni profile moves towards the surface compared to the
assumed 65Ni profile, since the b channeling is more pro-
nounced when the emission occurs closer to the surface.
IV. RESULTS
The two-dimensional experimental channeling patterns
from 65Ni in low doped n-Si, nþ-Si, and pþ-Si for various
annealing temperatures are shown in Figs. 2–4, while the
fractions on the three fitted sites as a function of annealing
temperature are shown in Fig. 5.
A. n-type Si
In the as-implanted state, the best fits show that 21% of
Ni occupies ideal S sites, 22% near-BC sites, and 27% near-
T sites [Fig. 2(a)]. Note that the patterns show the presence
of channeling peaks along all four orientations, characteristic
for S sites, and a significant absence of channeling {100}
planes, characteristic for the AB and BC sites. Following
annealing up to 400 C, only small changes are to be seen in
the patterns: {311} and {100} planes in the vicinity of the
FIG. 1. (a) Theoretical b emission yield patterns for the sequence of sites along the h111i direction, BC ! S ! AB ! T, around h110i, h211i, h100i, and
h111i. The patterns of S sites are characterized by channeling peaks from all the four orientations shown. On the contrary, the channeling peaks from h211i
and h100i are absent in the patterns of BC sites. While exhibiting channeling effects along {111} planes, the beta emission yields of BC sites show blocking
effects along {100} and {311}. Moreover, BC sites are characterized by a double peak along h110i. Both the patterns of T and AB sites present blocking
effects of the {111} planes, but while the patterns of T sites show channeling effects from h100i and {100}, patterns of AB sites show blocking effects along
these axes and planes. (b) Positions of the major sites in the silicon lattice, shown in the {110} plane.
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h211i and h100i directions become completely blocked,
from Figs. 2(a) and 2(b). Furthermore, {111} channeling
planes are still present, at least with the same intensity.
These two observations suggest an increase of a near-BC
fraction, cf. the b emission yield of BC sites from Fig. 1(a).
However, by annealing the sample at 500 C, the vanishing
of the channeling peaks of the h110i and h211i directions
[from Figs. 2(b) to 2(c)] clearly shows a site change of 65Ni
to near-T sites. In fact, by fitting the two-dimensional experi-
mental b emission yield of 65Ni with the calculated emis-
sion yield from the three types of sites, ideal S, near-BC, and
near-T, one can conclude that after annealing at 400 C the
majority of Ni (43%) sits on near-BC sites, while after
annealing at 500 C Ni prefers near-T sites (54%). After
annealing at 600 C, the channeling effects are no longer
observed, suggesting long-range diffusion of 65Ni. The dis-
placements, given by the best fits, from the ideal BC and T sites
are plotted in Fig. 6 as a function of annealing temperature.
Both near-BC and near-T displacements seem to be stable
against annealing, around 0.25 A˚ for near-BC sites and 1.18 A˚
for near-T sites. These strongly displaced near-T sites are, in
fact, very close to the ideal AB site. Only for the 500 C anneal-
ing step, the near-T sites are clearly off the AB site. In fact, at
this annealing temperature we can observe a pronounced peak
along the h100i direction [Fig. 2(c)], characteristic of the ideal
T rather than AB sites [Fig. 1(a)].
FIG. 2. Comparison of the two-dimensional experimental and calculated
emission channeling patterns from 65Ni in n-Si. The b emission yield is
represented in the vicinity of h110i; h211i; h100i, and h111i following (a)
implantation at room temperature, (b) annealing at 400 C, and (c) 500 C.
FIG. 3. Comparison of the two-dimensional experimental and calculated
emission channeling patterns from 65Ni in nþ-Si, following (a) annealing at
400 C, (b) 500 C, and (c) 600 C.
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B. n1-type Si
Figure 3 shows the two-dimensional experimental pat-
terns from 65Ni in nþ-Si following annealing at 400 C,
500 C, and 600 C. The fraction dependence on the anneal-
ing temperature is plotted in Fig. 5(a). A similar behavior of
the patterns compared to those from low-doped n-Si is exhib-
ited, in particular, with similar fractions for the three lattice
sites occupied by 65Ni after room temperature implantation.
Nevertheless, the site change of 65Ni from near-BC to near-T
sites occurs here at 600 C. Also, after annealing the silicon
sample at 500 C [Fig. 3(b)] one can observe more intense
blocking effects of the {311} and {100} planes and a signifi-
cant decrease of the channeling peak from the h100i direc-
tion, suggesting a larger near-BC fraction compared to that
of n-Si. After the 600 C anneal [Fig. 3(c)], the channeling
peaks from the h110i and h211i directions disappear, while
that from h100i becomes more intense, showing evidence of
an increase of the near-T fraction: the best fit results show
that after the 500 C anneal 65Ni prefers near-BC sites
(64%), while after the 600 C anneal the majority of 65Ni
(76%) sits on near-T sites. From Fig. 6, one can also
observe a similar dependence of the displacements from BC
and T sites on the annealing temperature compared to those
from n-Si. While near-BC sites are very close to the ideal
BC site in the whole range of the annealing temperature,
near-T sites are located close to AB sites up to 500 C,
changing to sites closer to the ideal T site at 600 C. Finally,
channeling effects disappear at 700 C, which suggests 65Ni
long-range diffusion.
C. p1-type Si
The experimental EC patterns from 65Ni in pþ-Si are
shown in Fig. 4 after annealing at 400 C and 500 C. Once
more, a similar behavior with the annealing temperature is
FIG. 4. Comparison of the two-dimensional experimental and calculated
emission channeling patterns from 65Ni in pþ-Si, following (a) annealing at
400 C and (b) 500 C.
FIG. 5. Fractions of 65Ni on the ideal S, near-BC, and near-T sites as a func-
tion of annealing temperature, in (a) nþ-, (b) n-, and (c) pþ-Si.
FIG. 6. Displacement of (a) near-BC and (b) near-T sites along the h111i
direction as a function of annealing temperature, in n-, nþ-, and pþ-Si.
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observed as for the other doping types. Nevertheless, after
the 400 C anneal, the experimental patterns exhibit a less
pronounced channeling effect of the {111} plane in the
vicinity of the h110i and h211i directions. This fact indicates
a higher near-T fraction already at 400 C in comparison to
the other two samples, with 27% of the 65Ni atoms on
near-T sites. Similar to the n-Si experiment, the near-T frac-
tion reaches its maximum value after annealing at 500 C
[Fig. 4(b)], where the fraction of 65Ni on near-T sites
increases to 51%. However, the near-T fraction does not
drop to a value close to zero after the 600 C anneal. Instead,
it decreases to 35%. The annealing temperature required
for long-range diffusion of Ni was, therefore, probably not
reached in this type of sample. The displacement from the
BC sites is again stable with the annealing temperature, 65Ni
sitting close to BC sites in the whole temperature range. A
more complex dependence is, however, observed for the
near-T sites. In fact, from Fig. 6, one can see that near-T sites
are close to AB sites, but an anneal of 200 C pushes the
near-T sites towards the ideal T position, where they remain
up to the annealing temperature of 600 C.
V. DISCUSSION
Using similar arguments as outlined for the case of 59Fe in
Si in Ref. 19, it appears that only vacancies, self interstitials,
and the formation of 65Ni clusters might be responsible for the
confinement of 65Ni at the channeling region. As was sug-
gested by a recent theoretical study,6 vacancies are very stable
traps for Ni, while interactions with Si interstitials, C and O
impurities or other Ni atoms seem to play only a minor role. In
Subsections VA to VC, we discuss the origin of the lattice
sites of 65Ni as well as the evidence of 65Ni trapping into
defects at the Rp/2 region and the influence of the doping on
their thermal stability. Finally, a comparison to other EC stud-
ies involving transition metals is given in Subsection VD.
A. Lattice location
1. Ideal S sites
Although some energy levels from DLTS studies have
been assigned to substitutional Ni,5,13,40 an unambiguous
proof for its existence could never be established. Here, we
can show that substitutional Ni is indeed stable. One should
note, however, that this substitutional fraction is likely to
result from the high concentration of single vacancies that is
introduced during Ni implantation.
2. Near-BC sites
The origin of the near-BC sites seems to be related to
the 65Ni interaction with multivacancies. For clusters consti-
tuted by only two vacancies, ideal BC sites might be pre-
ferred over other positions.41,42 On the other hand, for
vacancy clusters constituted by more than two vacancies,
e.g., 3-6 vacancy clusters, the structural rearrangement after
their formation can, for instance, result in a fourfold configu-
ration based on hexavacancy rings where extra Si atoms are
incorporated near BC positions to satisfy dangling bonds.43
Similar geometries were also proposed when hexavacancies
are filled up by Cu atoms.44 It should thus be feasible that
other transition metals such as Ni might be incorporated, per-
haps along with self interstitials from the Rp region, into
multivacancies based on hexavacancy rings, and be stable on
near-BC sites. The final result would hence be a near-BC
fraction constituted by a mixture of 65Ni inside divacancies,
occupying ideal BC sites, and 65Ni inside more complex
multivacancies, occupying off-BC sites. Note that because
the displacements from the BC sites are small, it is hard to
distinguish these two complexes during the fitting procedure.
Moreover, as pointed out, the effect on v2 of adding an addi-
tional fraction to the other three would be very small, and
therefore inconclusive.
3. Near-T sites
The trapping mechanism of 65Ni atoms on near-T sites
is more complex than that on ideal S or near-BC sites. This
fact is evident from Fig. 6(b) showing the dependence of the
displacement from ideal T towards AB sites with the anneal-
ing temperature, which suggests the existence of different
complex structures with 65Ni sitting on near-T sites. Though
in nþ- and n-Si the position differs considerably with anneal-
ing temperature, we can classify the related complexes into
two classes of 65Ni displacements from the ideal T site:
(i) 65Ni on ideal AB sites,
(ii) 65Ni close to ideal T sites.
In pþ-Si, 65Ni behaves in a different way and therefore
cannot be described in terms of these two classes. In fact,
although decreasing from the ideal AB site to the ideal T site
with the annealing temperature, as in nþ and n-Si, the 65Ni
displacement changes more gradually rather than abruptly. It
seems, however, feasible that the intermediate displace-
ments, at the annealing temperatures of 200 C and 300 C,
could result from a mixture of 65Ni atoms trapped by the two
discussed classes of complexes. The origin of these sites
might be again related to 65Ni interactions with vacancy-type
defects. As an example, it is known that although ideal S and
BC sites are the preferred positions when Fe is trapped into
single and double vacancies in silicon, respectively, near-T
sites also present some stability.18,41 Ni may thus behave in a
similar way. While the participation of self-interstitials as
well as the formation of 65Ni clusters cannot be ruled out,
both have recently been suggested to be not very effective
from an energetic point of view.6 Because of the reasons
pointed out above, we conclude that a complete picture of
the structure of the complexes in which Ni occupies near-T
sites is difficult to obtain. We can nevertheless present some
of their characteristics as well as their thermal stability,
which will be discussed in more detail in Subsections VB
and VC.
B. 65Ni profile
Eventual changes in the 65Ni depth profile upon thermal
annealing can be inferred from changes in intensity of the
channeling effects, i.e., from changes in the sum of the three
fitted fractions. If the 65Ni profile starts to change, e.g., due
to dissociation of the complexes in the Rp region, the
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intensity of the channeling effects will, in principle, also
change. If the profile moves to the bulk, channeling effects are
reduced and thus the sum fraction decreases. On the other
hand, if the 65Ni profile moves towards the surface, the chan-
neling effects are enhanced and the sum fraction can increase
to values above 100%. This is what probably happened in
nþ-Si [Fig. 5(a)]. A fraction of 65Ni might have started to dif-
fuse from the Rp region, after dissociating from the observed
lattice sites, towards the surface, and be trapped into other
defects. This explanation is consistent with the so called “Rp/2
effect” in which Ni is gettered into defects at the Rp/2 region
of the wafer, rich in vacancy-type defects resulting from im-
plantation.31,32 This behavior seems to be also present in n-Si
and pþ-Si after annealing at 500 C, but to a lesser extent
since the fraction sum never attains values above 100%.
An important information that we can extract from our
emission channeling experiments is the lattice sites where
65Ni sits at the Rp/2 region. In that respect, we can observe a
prevailing near-T fraction when the sum increases in n- and
nþ-Si or decreases at a lower rate in pþ-Si, at the annealing
temperatures of 500–600 C. Moreover, during the relocation
of 65Ni, the displacement of the near-T sites seems to change
from the ideal AB site to sites closer to the ideal T site in
n- and nþ-Si. The same change of displacement is again
observed in pþ-Si but more gradually. Within this scenario,
such a change might be explained either by a different chan-
neling effect of the relocated 65Ni profile that is not considered
in our simulated patterns, or by the presence of a different trap
structure at Rp/2 compared to those of the Rp region.
Summarizing, although we do not have access to the
complete structure of the traps, it appears that a fraction of
65Ni atoms, which is dissociated from the sites at the Rp
region, is retrapped on near-T sites at Rp/2. This retrapping
occurs in the narrow window of 100 C after annealing at
500–600 C. The observed change of displacement of the
near-T sites might be a consequence of this transition.
C. Influence of the doping on the thermal stability
From Fig. 5, one can observe different lattice sites pre-
vailing at different annealing temperatures, as a result of
their distinct thermal stabilities. By using an Arrhenius
model described in, e.g., Refs. 17, 19, and 23, one can esti-
mate the activation energies ED for the
65Ni dissociation
from each of the three observed lattice sites with the formula
ED ¼ kBT log 0Dt
N
1
log
fn1
fn
 
2
64
3
75; (1)
where 0 is the attempt frequency, Dt the annealing time, T
the annealing temperature, fn the fraction after annealing at
T, fn–1 the fraction before the anneal at T, and N the required
number of steps for 65Ni to go to another type of trap or to
escape from the channeling region. Table I shows the values
obtained for the three observed lattice sites. We could not
find, however, a reliable value for ED of
65Ni on ideal S sites
in nþ-Si, due to the difficulty in identifying at which temper-
ature the fraction starts to decrease [see Fig. 5(a)]. Note also
that, although it is not possible to conclude accurately on the
thermal stability of near-T sites at the Rp region, we can
estimate activation energies for 65Ni dissociation from the
Rp/2 region.
It is clear from Table I that the activation energy for
dissociation of 65Ni from near-BC sites changes with the dop-
ing, increasing from pþ-Si to n-Si and further to nþ-Si. The
values in Table I show also that the thermal stability of near-T
sites at the Rp/2 region does not change much with the doping.
Furthermore, by comparing the near-T sites to the behavior of
Ni at Rp/2 from Ref. 8, one can conclude that a lower concen-
tration of vacancies leads to a smaller gettering efficiency. In
fact, when using fluences of implanted Si of 1 1015 cm2,
Ni shows thermal stability at Rp/2 up to the temperature of
900 C, while in our case 65Ni, implanted with fluences of
1 1013 cm2, dissociates already at 600 C from near-T
sites. Finally, the estimated activation energies for dissociation
of 65Ni from ideal S sites seem not to change from pþ- to
n-Si, showing a value ranging from 1.6 eV to 2.0 eV. These
values are smaller than the estimate 3 eV from first principle
calculations.5
D. Comparison to other transition metals
In this subsection, we discuss the similarities and differ-
ences between the present emission channeling work on 65Ni
with those on 59Fe,17–19 67Cu,14–16 and 111Ag.20 While both
67Cu and 59Fe were investigated in lightly and heavily doped
n- and p-type silicon, 111Ag was only studied in two light
doping types. 59Fe was the only transition metal that was
identified on the same three types of lattice sites observed in
this work. 67Cu was identified on near-S and ideal S sites,
and 111Ag on near-S and near-T sites.
Near-S and near-BC sites can be considered as being
part of the same type of sites since they only differ in their
distances from the S or BC sites, along the h111i direction
[see Fig. 1(b)]: near-BC sites are closer to BC, while near-S
sites are closer to S. It is evident that the three transition met-
als Ni, Fe, and Cu start their dissociation in nþ-Si from
near-BC or near-S sites in the same range of temperatures
(500–600 C). Furthermore, they show a change of thermal
stability with the doping when sitting on near-S or near-BC
sites, increasing from pþ- to n- and further to nþ-Si. We can,
therefore, conclude that the nature of the transition metal
does not play a major role on the trapping mechanism into
near-S and near-BC sites. This might be relevant for the
understanding of the microscopic mechanism of P-diffusion
gettering, which is used for a wide number of transition met-
als and in which vacancy-related defects have been sug-
gested to play a role.11,45
TABLE I. Estimated activation energies for dissociation of 65Ni from
near-BC, near-T, and ideal S sites, in the three types of silicon.
Defect pþ-type Si n-type Si nþ-type Si
Ideal S 1.8–2.0 eV 1.6–1.8 eV …
Near-T 2.4–2.6 eV 2.3–2.5 eV 2.5–2.8 eV
Near-BC 1.8–2.0 eV 2.1–2.3 eV 2.5–2.7 eV
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The evidence of 65Ni trapping on near-T sites at Rp/2
has similarities with the 59Fe behavior on near-T sites in
lightly doped Si. In fact, the increase of the near-T fraction is
also accompanied with a sum of all the fractions to values
above 100%. Although the dependence of the displacement
from the ideal T site was not studied at that time, since simu-
lations were only available for a small number of displace-
ments, it was clear that a reshaping of the 59Fe profile was
taking place at high temperatures. A particular feature of the
near-T sites of 59Fe in pþ-Si was its prevalence over the
other two fractions in the whole annealing temperature
range. It was suggested that the mobile 59Fe, predominantly
positively charged in pþ-Si, might be trapped by immobile
B–acceptors, on near-T sites. This observation contrasts with
that of Ni. Indeed, Ni prevails in the neutral charge state
when diffusing interstitially, which makes such interactions
between interstitial Ni0 and B–unlikely. This might explain
why Ni does not prevail in pþ-Si on near-T sites in the whole
annealing temperature range, as observed for 59Fe.
Finally, we should note that although also detected in 59Fe
and 67Cu studies, ideal S sites seem to have different thermal
stabilities. While an activation energy of 3.5 eV for dissociation
of 59Fe from ideal S sites was obtained in Ref. 17, compared to
the 3.0 eV from the theoretical grounds of Ref. 5, 67Cu seemed
to need 2.9 eV to dissociate,17 compared to the first principle
calculated value of 2.8 eV from Ref. 42. The experimental
value for 65Ni dissociation from ideal S sites (Table I) is thus
the lowest among the three discussed transition metals.
VI. CONCLUSION
We have experimentally identified 65Ni on three different
lattice sites: ideal S, near-BC, and near-T sites. Arguments
have been presented to assign the trapping of 65Ni into implan-
tation defects to the majority of the three observed lattice sites.
This study shows an appreciable thermal stability of Ni on ideal
S sites in silicon, for which the activation energy for Ni dissoci-
ation 1.6–2.0 eV was obtained. A significant fraction of 65Ni
seems to be also trapped into multivacancies on near-BC sites,
such as into divacancies and fourfold vacancy clusters based on
hexavacancy rings. Because the thermal stability of near-BC
sites is similar to those of 59Fe, 67Cu, and 111Ag, we show that
the nature of the transition metal does not play a major role on
the related trapping mechanism. In particular, the thermal sta-
bility of near-BC sites seems to change with the doping,
increasing from pþ- to n- and further to nþ-Si. The high ther-
mal stability of near-BC sites in nþ-Si shall hence have an im-
portant role not only on the P-diffusion gettering of Fe but also
on that of Ni. Although the three lattice sites were found to
coexist at Rp, we identified
65Ni at the vacancy rich region Rp/2
on near-T sites. Finally, unlike Fe that is confined at the chan-
neling region even at 900 C, long-range diffusion of 65Ni was
observed already at 600–700 C. Vacancy-related defects seem
therefore to be less thermally stable in gettering Ni than Fe.
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